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Yesterday we heard about some "intermediate" spins between 20 and 30f>, and this morning about "low" spins in the range 10 to 20 h. Now I want to consider the highest spins it is possible to study. A practical limit for studying angular momentum is provided by the point where the fission barrier vanishes. Beyond this spin the "nucleus" lives for less than 10 -20 seconds and only very indirect methods can give information about the nuclear structure. The angular momentum for zero fission barrier, given by the liquid-drop models is shown as the upper solid curve in Fig. 1 . A maximum of =100 h occurs around A = 120, with smaller values at both higher and lower masses. This limit would be appli cable if we could produce nuclei in their ground states. In fact, the only way known at present to produce nuclei with these angular momenta is the heavy-ion compound-nucleus reaction, and it, in general, leaves the nucleus highly excited. In order to survive fission these nuclei must decay faster by some alternate mode to a point below the fission barrier. This channel usually is particle evaporation, and empiri cally it is found that the particle evaporation is faster whenever the fission barrier is greater than about 8 MeV. The dashed line on Fig. 1 gi_es the location of an 8 MeV fission barrier, and this is seen to occur at =70n for A = 120 and again, lower for both higher and lower masses. This constitutes an estimate for the highest spins we can conveniently study in nuclei, though for A < 100, alphaparticle evaporation can sometimes set an even lower limit. discribing the collective behavior of a classical system, and then consider the "effects introduced by the microscopic and quantal aspects of nuclei. It is assumed that the nuclear flow pattern is rigid, corresponding to the expectation that the pairing correlations in the nucleus will be quenched for I > 30 h. Two shapes, oblate, 0, and prolate, P, are shown in Fig. 2 , and each is considered to rotate around either of two axes -the symmetry axis, S, or an axis perpen dicular to the symmetry axis, 1. (Triaxial shapes would represent intermediate cases.) The moments of inertia of these systems are compared with those of a rigid sphere, 3-0 ; and with the above assumptions, their calcuation is simply a geometrical problem. The results, to lowest order in the deformation, g * aR/R, are given in Fig. 2 , and one sees that the oblate shape rotating around its symmetry axis has the largest moment of inertia for a given deformation, a result well known to account for the shape of the earth and rotating galaxies. These expressions for the moments of inertia are only lowest-order estimates for moderate deformations. In fact, for deformations around 6 -0.3 significant corrections are needed, and for e ~0.8 the P-J. moment of inertia exceeds that for 0-S, in contrast to those in Fig. 2 . If we now consider a nucleus with A ~ 160 and f. *0.3, then the rotational energies for these shapes are shown on the right side of Fig. 2 . The energy of the oblate shape rotating about its symmetry axis is, of course, lowest, corresponding to its having the largest moment of inertia.
To these classical energies we have to add the shell energies which are, on the average, 3-4 MeV, and favor one or another of the shapes and axes depending on the particular nucleon orbits near the Fermi surface. For I < 30 li, it is seen that the 3-4 MeV shell effects are large compared to the differences in energy due to the various shapes. This means that the shell effects dominate the geometrical aspects for these angular momenta. On the other hand, for I > 40 ft, the differences in the energies in Fig. 2 become larger than the shell effects and one expects to find predominately oblate shapes rotating about the symmetry axis, 0-S, or prolate shapes rotating about an axis perpendicular to the symmetry axis, P-i. Now comes the question of collectivity. Rotation about an axis perpendicular to the synmetry axis is allowed quantum mechanically, so that this corresponds to a real collective rotation, implying bands having smooth energies and strongly enhanced B(E2) values. The known rotational nuclei are mostly of the P-± type, but a few cases thought to be 0-1 are known. A quantal system cannot rotate collectively about its symmetry axis. What is meant by such a rotation has recently been elucidated by Bohr and Mottelson^, who point out that for si;ch a case the angular momentum is carried by a few individual nucleons whose angular momenta are aligned along the symmetry axis, and hence it is not at all collective. However, they showed that for a Fermi gas, the average trajectory of these levels was the same as that of the corresponding shape rotating classically about its symmetry axis. Thus there are no bands and no enhanced B(E2) values, but the energy estimate of Fig. 2 still pertains, on the average. Since this is strictly a single-particle picture, one could wonder why the concept of rotation about a symmetry axis is introduced for nuclei. There are two reasons, I think. One is for the simple estimate of the average energy of such states as given above, and the other is to incorporate both the collective and non-collective types of behavior in a single simple conceptual frame.
This difference in behavior is illustrated in Fig. 3 which Shows the non-collective yrast line for IS^Er and the collective one for "8rjy. These two lines have about the same general shape, since for 8* 0.3. The differences expected in 3-are not large (and, in any case, are dominated in this spin range by shell effects). However, the rotational l"n,y nucleus has a very regular band structure, with smooth energies and lifetimes decreasing regularly from 2 ps to 0.2 ps between spins 10 and 26 h. Nuclei in this region are known to have prolate deformation. By contrast, the non-collective or shell-model nucleus 154 Er has a rather irregular yrast line, end lifetimes that vary randomly up to 7IO Fig. 4 ) does enough population collect in the yrast or near-yrast states, to produce re solved lines. In just two or three cases this has gone as high as 36 or 37 h, and these cases will be discussed here. For the higher spin transi tions one must work with unresolved, or "continuum" spectra, and the most exciting new technique being developed for this purpose is discussed in the last part of this talk.
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Non-collective nuclei have so far been studied only by techniques involv ing resolved r-ray; probably for two reasons. The first is that they lack the regularity of collective behavior and thus would be nearly hopeless to study without a resolved spectrum. And the second is that the lack of collec tive transitions makes the yrast-like Y-rays slower, so that the statistical transitions compete better and cool more of the population intensity to the yrast line at relatively high spin. A result is the occurance of resolved lines up to considerably higher spins than in collective nuclei. This population pattern is discussed in a contribution to this meeting by Wakai. The most exciting region of nuclei for studying such behavior right now is just above 82 neutrons, around Z = 64, and I want to discuss that region breifly.
The first level scheme to be worked out up to spins as high as 36-fc was that of 152 Dy studied by Khoo et al. 4 It. is shown in Fig. 5 . By contrast, one of the most recent level schemes studied in this region is that of ^Og ( j ) which is a contribution to this meeting by Baktash et al, and is shown in obtained was (3.14 ± 0.17) b  from which a deformation B  of -0.18 was derived (the  negative sign was assumed) 40 Ar beams of appropriate energy. They employed a multiplicity filter, Nal detectors at 0° and 90°, and a Ge(Li) detector to provide a gate on transitions from 4n and 5n products. The 164 Er compound nucleus has an un resolved y-ray spectrum (Fig. 9) has a large fraction of dipoles, in agreement with the known discrete lines in 154,155|r r _ y ne calculated spin at the top of the cascade is ~60 h and the moment of inertia is then -150 MeV -1 . The evidence seems quite good that, at about spin 40 h the products 154,155£ r Sw itch from oblate (or spherical) nuclei, carrying angular momentum by alignment of their high-j particles, to strongly deformed nuclei rotating collectively. The experimental results do not determine whether these shapes are oblate or prolate, but trie similarities with the heavier Er nuclei suggest the latter.
I have already moved into the area of unresolved spectra, and from the previous discussion it can be seen that many techniques have been developed for such studies, the average transition multipolarity can be determined by angular correlation and conversion coefficient studies, the collectivity by lifetime measurements, and moments of inertia by relating gamma-ray energies to the spins of the states that emit them. But recently a technique has emerged that prom ises to give much greater detail about high-spin states than such methods. Thus, rather than attempting a review of this entire field, I want to spend the rest of my time discribing these gamma-ray energy correlation methods.
The y-ray spectrum from a rotational nucleus is highly correlated in time, spatial distribution, and energy. Part of a rotational energy-level diagram is s' own on the left side of Fig. 10 , and the corresponding Yr ay spectrum on the right side. This spectrum is seen to be composed of equally spaced lines, up to some maximum energy corresponding to the decay of the state with highest angular momentum, I max -There are at least two kinds of correlation in this spectrum. One is of the maximum Y-ray energy with I max » and that has led to the evalua tion of effective moments of inertia in many rotational nuclei. The correlation that will be discussed here is that between Y-ray energies. One illustration of this correlation, which is immediately obvious from There are some problems with this subtraction method, and others are being explored, but it seems clear that the results discussed here are not much aftected by these problems. The first successful experiment was made by Anaersen et al.9, however these experiments were limited by beam energies to 8 rather low angular momenta. I will discuss; a later study*" applying this method to a system where the maximum angular momentum the nucleus can hold was brought in.
The correlated spectrum for the system *2 4 The interpretation of these data is somewhat speculative, but promises to be quite interesting. The type of decay pathway envisioned is illustrated in Fig. 13 . The scalloped pattern represent successions of rotational bands through which the population flows to the ground state. The transition between bands might be a simple band crossing as shown, or might occur via a statistical transition from a higher band (change of temperature); the assumption is that the band character is not a strong function of temperature. (This is not known to be the case, but represents the simplest starting assumption, and there is no evidence to the contrary.) The mathematical description of such a band structure is reasonably straightforward. The energy in each band is given by: 
The usual form of this equation for a rotor, can be approximated:
where j a = 0, corresponding to no horizontal displacement. This just gives the envelope of the bands and is the dashed curve in Fig. 13 . This moment of inertia must be "effective" since the spin I is composed of both collective rotations, R, and aligned angular momentum, j a . The relationship between the moments of inertia is then:
Since j a is expected to be large -around one half of I in the backbend region, ana probably not relatively smaller at higher spins -•'coll must be much smaller than 3 e ff» reflecting the fact that a single particle cannot contribute fully both to the aligned angular momentum and to the collective moment of inertia. Only I and E T are usually measured, so it is 3gff that is normally determined and found to be roughly equal to the rigid-body value.
The width of the valley in a correlation spectrum is related to the difference between successive transition energies, or to the curvature of the energy expression (Eq. 2). Assuming again that these occur within a band of constant ^0n and j a : Studies of very high spin states are exciting right now. We are learning a lot about non-collective behavior -how it is related to nuclear shapes, and how collective features are introduced. Collective behavior at the highest spins seems to be the general case, though non-collective aspects -especially increasing numbers of aligned single particles --are indicated. It appears that nuclei reach some compromise at very high spins, and we are rapidly learning more about the nature of this compromise.
